Abstract
Multi-user stores are anticipated in the near future to permanently store CO2 captured at industrial 16 sources to meet emissions reductions targets. Multiple storage permit applications will be required 17 to exploit the immense potential capacity within extensive CO2 storage assets. To retain 99% of the 18 injected CO2 for 1000 years the geomechanical stability of the sealing strata above the pressurised 19 storage reservoir is a key factor which needs to be included in the geo-engineering design of shared 20 storage assets The potential for interaction of increased pressure at multiple injection sites needs to 21 be predicted and assessed at a regional scale to assure the integrity at all existing sites before a 22 storage permit is granted. Geomechanical models coupled with the expected fluid pressure response 23 predict the stability of the storage asset during and after injection of CO2 at multiple injection sites, 24 and can be used as a tool to ensure efficient utilisation of the storage capacity. The geomechanical 25 analysis of the thermal stress as well as local and regional fluid pressure changes requires a detailed 26 numerical evaluation, often at a resolution significantly higher than the data available. Coupling of 27 regional-scale static geological models, dynamic multi-phase flow models and detailed 28 geomechanical models requires extensive computational resources. Such models often produce 29 seemingly detailed results, but are usually only one or two realisations of a system populated by a 30 statistically generated parameter set. Limits on time and computational resources prevent more 31 simulations within fixed time and financial budgets. To enable a more time and cost efficient 32 methodology of assessing the geomechanical stability of potential storage sites we present a four-33 tier modelling approach with increasing complexity that allows an in-depth evaluation of the 34 geomechanical stability at a regional scale of a multi-user storage asset taking into account the fluid 35 pressure increase and the thermal stress impact on the stability of the strata sealing the CO2 store. 36
The tiers include (1) development of a geo-mechanical facies model of the storage system, (2) 37 development of an analytical geomechanical model for the storage site static stress conditions, (3) 38 fitting an empirical multivariable polynomial function to the analytical modal, and (4) conditioning 39 the empirical function using coupled numerical THM modelling for dynamic stress conditions. The 40 result is look up function which gives the maximum possible fluid pressure as a function of location. 41 This approach significantly simplifies the computational requirements and time for the prediction of 42 geomechanical behaviour. In addition to presenting this methodology, using the Captain Sandstone 43 of the North Sea as an example, three key findings are further examined. Firstly, detailed analysis of 44
Introduction

56
Carbon capture and storage permanently stores CO2 captured at large-scale industry and power 57 plants to significantly reduce the emission of anthropogenic waste CO2 to the atmosphere, and 58 address one of the key concerns regarding global climatic change. Sovereign countries and 59 competent authorities that possess and regulate large commercially attractive offshore resources 60 are increasingly aware of the need to manage the storage of CO2. Such storage resource assets need 61 to be managed with a joined-up approach, and not just an unsustainable exploitation of 'what is 62 possible and cheapest now', to optimise potential storage capacity. Failure to do so could lead to a 63 reduction in the usable storage capacity, due to store integrity constraints, and significant long term 64 deterioration in the asset value. The challenge will increase where the strata used for multiple 65 injection sites extend across international borders. 66
Given the extent of regional storage formations, it is expected that multiple injection sites will 67 operate to exploit the same contiguous and hydraulically connected pore space. Competition for the 68 storage capacity asset should be expected; without effective pressure management even relatively 69 small volumes of stored CO2 can have a significant impact on the regional fluid pressure within the 70 storage formation. Additionally, the maximum acceptable pressure values predicted by geo-71 mechanical modelling do not display a linear relationship with the depth of the storage formation. In 72 dipping strata long-term migration of increased pressure to shallow areas, which may be at some 73 distance from the CO2 injection points, may determine the maximum acceptable pressure at deeper 74 parts of the formation. 75
In this paper a generic methodology is presented enabling the geomechanical stability of a storage 76 site to be relatively rapidly assessed at a regional scale. The methodology develops a "look up" 77 function (location dependent) enabling geomechanical pressure limits to be transferred simply from 78 one simulator to another. The methodology is developed on and applied to the Captain Sandstone in 79 the North Sea (Figures 1 and 2 ) (Kopervik Fairway of Law et al., 2000) . This is assessed as a potential 80 multi-user store as it is a preferred site for a UK demonstrator project for geological CO2 storage 81 (DECC, 2013) . The geomechanical impact of the injection of commercially viable storage volumes of 82 dense supercitrical (sc) phase CO2 into the Captain Sandstone was investigated at two realistic 83 locations: Site A in the vicinity of the Goldeneye Gas Field; Site B in brine-saturated Captain 84
Sandstone approximately forty kilometres up-dip of Site A (Figure 1 ). 85
Predictive modelling of potential pressure changes within the storage formation to ensure 86 prospective storage operations are within the acceptable geomechanical limits requires the use of 87 numerical multi-physics models. Such models enable assessment the efficient utilisation of the 88 available storage capacity. These models require reliable geological, fluid flow and geomechanical 89 information. Information is needed on a regional scale for the strata present, and this needs to be 90 discretised to sufficient detail that reasonable geometrical models of the injection sites can be 91 3 constructed, and an acceptable parameterisation of the strata undertaken. The parameterisation 92 needs to address all the values required for the multi-physics simulation of the system. 93
There are several simulators, and combination of codes, that allow simultaneous evaluation of the 94 fluid flow and the geomechanical response, e.g. Magri integrate the results of one part of the simulation with another. 100
The geomechanical modelling requires both detailed representation of the area around the injection 101 wells where the impact of the thermal signal is to be taken into account, and also a regional 102 representation of the strata to account for the large areal extent of a possible pressure increase. In 103 this study the impact of the thermal stress around the injection well was evaluated using a grid size 104 of the order of a few metres, whereas the geological heterogeneity recorded in the horizontal 105 dimension within the storage formation was approximately 250 metres. 106
Parameterisation of numerical models of regional extent is usually based upon a statistical approach 107 with data taken from relatively few selected boreholes. The resolution achieved here of 250 metres 108 is more finely scaled than usually available, which is normally in the order of 500 metres or more. 109
The data is typically presented as a probability distribution function rather than a true kriged 110 statistical analysis as there is not sufficient confidence in the evaluation of the correlation of the 111 parameters with geometrical location. A normal, or log normal, distribution approach to the 112 evaluation of the material characteristics can be expected to capture the behaviour of the system as 113 a whole. However, any single realisation of the statistical field is just one representation of a wide 114 range of equally valid possibilities. Usually, modelling is constrained by the computational power and 115 time needed to run multiple simulations. 116
Here we present a four-tier modelling approach, applied to the Captain Sandstone offshore 117 Scotland, to evaluate the geomechanical stability of a multi-user store to CO2 injection as a 118 consequences of multiple sites of injection, covering both thermal effects near the well and regional 119 pressure build up. The tiers include (1) development of a geo-mechanical facies model of the storage 120 system, (2) development of an analytical geomechanical model for the storage site static stress 121 conditions, (3) fitting an empirical multivariable polynomial function to the analytical model, and (4) 122 conditioning the polynomial function using coupled numerical THM modelling for dynamic stress 123 conditions along a number of cross sections. Tier (4) results in a depth, and where relevant, location, 124 dependent look up function which is easily transferable to other simulators. 125
Three key findings are also examined here. Firstly, detailed analysis of the stress changes as a result 126 of cold fluid injection which suggests that the redistribution of thermal stress can, in some cases, be 127 beneficial to the storage system depending on the stress bridging which occurs. Secondly, pressure 128 plume migration in dipping strata from deeper injection sites to shallower sites over time needs to 129 be taken into account. Thirdly the nature of the strata underlying the storage formation is critical to 130 the pressure increase in response to CO2 injection. 
135
Method
136
The geomechanical modelling is of a volume of the Captain Sandstone where it is narrowed and is 137 termed the Captain Sandstone Fairway, indicated by the location of the cross-section in Figure 1 . We 138 develop a four tier modelling approach of increasing complexity to the evaluation of the 139 geomechanical stability of the Captain Sandstone Fairway during the proposed injection of the CO2. 140
The result is a portable empirical function based on detailed geomechanical modelling which can be 141 used to predict maximum possible safe fluid pressures within the Captain Sandstone Fairway. 142 
147
The result from Tier 4 is a spatially correlated estimation of the maximum overpressure possible 148 within the storage strata, including both the reservoir (principal storage location), primary seal and 149 secondary seal. Each of these Tiers are described here and discussed in more detail later. 150
The first Tier comprises assessing the geological information on the storage complex (as defined in 151 EU, 2011) and developing a geomechanical facies model of the system. (mesh resolution to ten metres) to evaluate the maximum safe dynamic fluid pressure in the Captain 175
Sandstone. The 3D model provided realistic estimates of the changes in fluid pressure expected 176 during the injection of commercial-scale volumes of CO2 (6million tonnes (Mt) per year at each site). 177
The predicted fluid changes in the 3D model were then used to define the source terms and pressure 178 changes expected in the 2D detailed resolution models (2D THM). The same failure mechanisms 179 included in the Tier 2 model were included in the 2D THM numerical models. These models enabled 180 local heterogeneity in terms of the different thicknesses of strata to be included, the impact of 181 thermal stress to be assessed and the dynamic impact of the increase in the fluid pressure and 182 reduction in horizontal stress to be taken into account. 183
The 
Model assumptions
195
A modelling approach provides a mathematical approximation of reality and a tool for estimating the 196 behaviour of the system based on known processes. Simplification of the system needs to be 197 undertaken whereby the main processes operating are captured. The model requires simplifications 198 in terms of the geometry of the deposits, the range of parameters assigned to the deposits, the 199 discretisation of the heterogeneities both within strata and between strata, the fluid properties, and 200 the processes to be included. In précis four assumptions on the behaviour of the system were 201 applied to simplify the modelling approach; 202 Assumption 1: Fluid flow and pressure build up can be satisfactorily modelled as single-phase flow.
203
This assumption was based on the facts that the reservoir temperature is of the order of 83 °C in the 204 storage asset, and so the viscosity of brine at this temperature is approximately 0.0004 Pa s. scCO2 205 injected at 20°C has a viscosity of circa 0.0001 Pa s. Therefore, the overall control on the pressure 206 build up around the injection well will be that of the mobility of the far-field brine and not the CO2 in 207 the vicinity of the well. Thermal calculations show that a significant temperature effect generated by 208 CO2 injection is localised to <1km after 30 years. The advantage that this assumption has is that a 209 multiphase flow simulation would require significantly more computational resources, as well as 210 several further parametrical modelling assumptions such as capillary entry pressures, relative 211 permeability curves and hysteresis behaviours of wetting and non-wetting fluids. Therefore this 212 assumption significantly simplifies the computational resource required. 213
Assumption 2: The model was populated with mean parameters for strata layers and the layers 214 considered to be homogeneous and isotropic. This approach was based on the nature of the data 215 available. The grid spacing of geometrical and geological data was resolved down to 250m 216 6 horizontally, and metre-scale vertically. The geometry and structure of the strata were taken from 217 cross-sections from the static geological CO2MultiStore Captain Sandstone model (Figure 1 290 Table 1 Profiles and depths of strata   291   292 For the evaluation of the storage of CO2 in the subsurface it is necessary to consider the behaviour of 293 different strata as a response of their material characteristics in terms of the key processes 294 considered. To do this the profile is divided into key geo-mechanical facies comprising a passive 295 overburden, an active (sealing) overburden, the storage reservoir sandstone and the underburden 296 (Edlmann et al. 2014). The term geo-mechanical facies expresses the fact that different geological 297 units can be grouped together in terms of their material behaviour (fluid and mechanical behaviour) 298 and perceived role in an applied engineering application. The geo-mechanical facies may contain 299 different geological units, but as a group have a distinct role in terms of engineering application, in 300 this case CO2 containment at depth. For the Captain Sandstone Fairway we identify five 301 geomechanical facies, the Reservoir, the Underburden, the Primary Seal, the Secondary Seal and the 302 Passive Overburden. 303
The "Reservoir " geomechanical facies is the group of generally relatively high porosity and 304 permeability geological units into which the CO2 is being injected and where, through a variety of 305 processes, the CO2 is to be stored (members of the Wick Sandstone Formation, Figure 2 ). The 306 "Underburden" geo-mechanical facies comprises those strata underlying the base of the reservoir 307 ( Figure 2 ) and also the underlying lithostratigraphical units (Humber, Fladen, Heron and Zechstein 308
Profile 1 Profile 2 Profile 3 Profile 4 Profile 5 Profile 6 Profile 7 Profile 8
Distance from west (m) 0.00 21000.00 33200.00 48000.00 70000.00 87600.00 96500.00 122300. groups, Table 2 ). The Underburden is usually taken to be passive in terms of its influence on the 309 storage formation. However through this modelling investigation we show that the nature of the 310
Underburden significantly effects both the storage capacity and the sealing capacity of the system. 311
The active sealing overburden, or caprock, and other sealing members comprise units capable of 312 resisting fluid flow over thousands of years and provide mechanical restraint and sealing to the 313 build-up of fluid pressure in the reservoir as a result of the injection of CO2. In this case two "Primary 314
Seals" and a "Secondary Seal" are identified. The "Passive Overburden" comprises strata not 315 contributing to the fluid sealing capacity of the reservoir but providing support to the sealing layers 316 through its weight. For the Captain Sandstone Fairway the five geomechanical facies identified are 317 listed in Table 2 below. 318 Table 2 Division of strata into geomechanical facies. 319
Geomechanical Facies Members
Passive Overburden, Recent formations of the Norland Group During injection of CO2 into the reservoir, two regimes can be identified; the near-field and the far-322 field. The near-field effects are caused by a sharp change in the spatial gradients of field variables of 323 temperature, fluid pressure, and rock stress. In the case of fluid injection there is a sharp increase in 324 fluid pressure in the vicinity of the injection well. Likewise in the case of a thermal effect, there is an 325 abrupt change in the temperature in the vicinity of the injection well. In the far field there is a 326 general gradual increase in fluid pressure. 327
Increasing the fluid pressure or changing the temperature of a rock can lead to the development of 328 new fractures or movement along a pre-existing fracture plane. This leads to a change in the 329 geometry of the material and a change in the medium properties of the material. Generally such 330 changes will accommodate fluid flow through the material as a means of reducing and relieving the 331 increased pressure or thermal stress placed on the material. This failure will lead to the function of 332 the geomechanical facies being impaired should its main role in an engineering sense be the 333 retention of fluids, stored CO2 in this case. Whether a facies is stable or likely to fail depends on the 334 stress on the facies and some characteristic geomechanical parameters described below. 335
In our assessment of the stability of the primary and secondary seals, we took into account tensile 336 failure, rock fracturing and movement along a pre-existing fracture planes. Several text books deal 337 with the methods of calculating tensile, shear and normal stress e.g. Jaeger et al. (2007) . Orientating 338 the axis such that the principle stresses line up with the axis x,y,z we can write for the normal stress 339 across the plane  n (Pa) 340
where l is the directional cosine for the angle between the normal to the plane and the vertical 342 principal stress axis, m and n likewise for the horizontal stress axes. And for the shear stress parallel 343 to the plane,  , we can write 344
The relationship between the maximum shear stress, or the shear stress which will cause failure  f 346 and the normal stress across a plane is given by 347 
360
The impact of thermal stress on the effective stress can also be evaluated such that 361 properties of the material in the reservoir are assumed isotropic. Heterogeneity can be seen at a 366 larger scale considering the layered nature of the storage system, and this will be revisited later. 367
Assuming full restraint in all directions the general impact of the thermal stress is to augment the 368 impact of the increase of fluid pressure and move the Mohr's circles further to the left, and closer to 369 the failure envelope. Under certain heterogeneous conditions however the superposition of the 370 thermal stress, and an effect known as stress bridging can be shown to increase the confining stress. 371
The likelihood of the rock failing under a given stress regime can be expressed by a factor of safety. 372
The factor of safety F is the ratio of disturbing forces to restraining forces. When the value is 1 or less 373 a breach in the strata can be assumed to have occurred.
375
In engineering terms if F is larger than 1 then there are more restraining forces than disturbing 376 forces. Usually during engineering design for construction a Factor of Safety of at least 1.3 is 377 required. For critical works a higher value may be required. 378
Where the slip plane is not already determined by the presence of a discontinuity, the safety of the 379 orientation most likely to fail needs to be evaluated. To do this the principal stress directions need to 380 be calculated taking into account the superposition of thermal stress, fluid stress and rock stress 381 which can lead to rotation of the principal stress axis away from the chosen coordinate system. If the 382 direct stresses and shear stresses in a particular coordinate system are known the orientation and 383 size of the principal stresses can be calculated as follows (Lewis and Schrefler 1998) 384 
388
The three principal stresses at any location are then evaluated as 389 
422
The calculation of the storage parameters is given in Table 4 . The compressibility of fluid (brine is 423 assumed as this is being forced out of the way to accommodate the CO2) is NTG ratio is not taken into account in the storage calculation as we assume the whole geological unit 425 will experience the stress changes due to fluid injection. 426 427 Values commonly found in the literature were assumed for the rock thermal conductivity, fluid 432 thermal conductivity, specific heat capacity of rock, specific heat capacity of water. Approximating 433 the injection of scCO2 using single phase brine flow will lead to an overestimation of the impact of 434 the thermal pulse. The heat dispersion diffusion coefficient is taken to be approximately one half the 435 mesh spacing for stability reasons. The use of the heat dispersion diffusion coefficient represents 436 mixing and spreads the front of the heat signal out. 437 
STRESS PROFILE AND TEMPERATURE GRADIENT
448
The shell profile for total minimum horizontal stress has been derived as far as possible from the 449 lower margins of the possible Leak Off Test data available. 450
The vertical total stress profile is given as 451 
457
The assumptions about the mechanical failure parameters of the different geomechanical facies can 458 be tested using a model relating the normal stress, the shear stress and the failure parameters of the 459 unit to the expected in situ stress. Equation (13) provides the relationship between these 460 parameters, and the equations (1) and (2) describe how the normal and shear stress can be 461 calculated for static conditions. All possible orientations of failure planes with a resolution of 5° were 462 analysed to determine the lowest fluid pressure required to trigger failure under static conditions. 463
The in situ stresses were calculated as a function of depth using the functions described above. 464
The results of the evaluation are presented in Table 5 for the "Worst Case" (Table 3) parameters for  465 the Primary Seal, the "Reasonable Case" (Table 3 ) parameters for the Primary Seal and the "Fault 466
Present" for the Secondary Seal, assuming no cohesion and only an angle of friction. These are cases 467 16 1, 2 and 3 respectively listed in Table 5 . Values where the factor of safety is less than 1 are not 468 recorded as these are scenarios which are not physically possible. 469
The first column in Table 5 ratio of the fluid pressure to the horizontal stress when the "Overpressure at failure" is applied. 478
The results indicate that the parameter set representing the "Case 1: Worst Case" is not valid under 479 static conditions as the primary seal would not be able to withstand this stress at levels down to 480 2600 metres under natural conditions. As this stress condition can be measured in the field, this is an 481 indication that the mechanical parameters must be more resilient, i.e. closer to the "Case 2: 482
Reasonable Case" parameters. 483
Examination of the Case 2 results indicates that failure with these rock mechanical parameters is due 484 to the horizontal stress being exceeded, i.e. tensile failure where the total fluid pressure exceeds the 485 total horizontal stress, and not fracturing or shear failure. Case 3 represents the pre-existing faults 486 within the strata with no cohesion. It is interesting to note that the evaluation suggests that down to 487 about 1700 metres the rest safety factor is minimal, suggesting that the stress distribution at this 488 level is controlled by the presence of faulting. Failure within these strata can be triggered by a fairly 489 low fluid overpressure. This depth is approximately the depth of the Passive Overburden and 490 Secondary Seal contact. The secondary seal correlates with the stronger chalk group, and an increase 491 in rate of positive increase in horizontal stress with depth. 492
The stability profile has been evaluated for the data on the stress profiles taken in the vicinity of the 493 Goldeneye Gas Field (Shell, 2011a). The change in horizontal stress profile occurs at around the 494 commencement of the Chalk Group. This is most likely due to stress bridging by the mechanically 495 more resilient Chalk Group in the profile. It is probable that the stress profile is dependent on the 496 depth of the Chalk Group which would suggest that where the Chalk Group exists at shallow levels, 497 more stability can be expected due to larger horizontal stress than predicted by the evaluation 498 presented here. 499 Table 5 Fluid pressure and safety limit for three different mechanical failure criteria.
Explanation of terms
Depth
Depth in metres below mean sea level at which the stability is analysed Fluid Pressure Natural fluid pressure at depth given Horizontal Stress Horizontal stress at given depth Vertical Stress Vertical stress at given depth Rest Safety Ratio Factor of safety equation (6) with no fluid injection at this depth for these mechanical parameters Overpressure at Failure Amount of extra fluid pressure at this depth likely to cause failure FP:SH at Failure Ratio Total fluid pressure to horizontal stress ratio at this depth at failure. A value of 1 indicates tensile failure 
13
The modelling results presented in Table 5 are illustrated for the primary seal and the secondary seal 14 in Figure 6 , as is the fitting using the empirical formulas given above. This figure 
48
Where Ss is the specific storage of the porous media, described above in (16) 
55
Strictly speaking the Biot Willis coefficient should also be evaluated in the calculation of the storage 56 coefficient. As a first approximation during modeling this coefficient was set at 1, meaning there is a 57 full transfer of fluid pressure to the rock skeletal stress, thereby making the formulation used for the 58 specific storage in (16) valid. 59
The solution of (30) 
Models and Meshes
80
The aim of the modelling was to investigate in as much detail as possible the THM geomechanical 81 response of the Captain Sandstone Fairway during injection of dense phase CO2 at multiple sites. The 82 results of the THM modelling were then used to augment the Tier 3 empirical model, and account 83 for dynamic stress. Computationally it was not possible to model the whole of the ~1300 km 2 area at 84 high resolution. Therefore models were constructed in 2D and 3D to enable key engineering relevant 85 parameters to be determined and the impact of coupled processes to be investigated at sufficient 86 22 resolution. These models, with their main features and purposes are listed in Table 6, and described  87 in more detail below. 88
To model the thermal pulse and the development of thermal stress in the vicinity of the injection 89 well, a mesh resolution significantly lower than the thickness of the geomechanical facies layers 90 affected was necessary. 2D cross sections using both quad and triangular elements with a mesh 91 resolution of ten metres in the reservoir and base of the primary seal were generated (Figure 7 , 92 Figure 8 and Figure 9 ). The section dimensions were of the order of up to 3 km depth X 6 km width. 93
The geometry of the sections was asymmetrical hence an axisymmetric simulation was not possible. 94
To investigate the approximate magnitude of the expected fluid pressure increase in the storage 95 complex for the given injection rates, a 3D regional geomechanical model of the Captain Sandstone 96
Fairway was created with mesh dimensions of the order of 130 km length, 10 km width and 4 km 97 depth using non regular hexahedral elements. The mesh resolution was selected to be 50 metres in 98 the vicinity of the injection wells at Site A and Site B (Figure 10 ). 99 Table 6 List of models and meshes, main features and purposes Due to the size of the meshes generated a number of calculations were performed using the parallel 102 capability of OpenGeoSys on eight cores. 103
The meshes were generated using Gmsh, (Geuzaine and Remacle 2009), geometry selected from 104 data provided derived in this study and from Shell (2011a,b,c). The injection pressures predicted in 105 the 3D geological model at the locations of Site A and Site B were used to inform the rate of injection 106 in the 2D sections to match the anticipated overpressures. The injection rates in the 2D models were 107 chosen such that the maximum pressure predicted in the 3D models was slightly exceeded to allow a 108 further degree of safety. Shell (2011a) present a 3D model of the Goldeneye Gas field whereby they investigate the surface 131 deformation as a result of gas extraction from the Goldeneye field. They present modelling results 132 for a reservoir under pressure of circa 10 MPa. They obtain a surface deformation of 4.6 cm 133 subsidence of the sea floor, with the deformation extending 14 km east-to-west and 9 km north-to-134 south. Using the current model for the Captain Sandstone Fairway (3D model and different 135 geometry), with the parameterisation presented in Table 3 (injection parameters rather than 136 extraction parameters) the sea floor subsidence predicted by this model is 3 cm for the sea floor and 137 the extent is similar to the Shell (2011a) model. There is no specification of the limit of deformation, 138 e.g. 1 mm or less, so only an estimate of the extent can be made here. 
152
The factor of safety prior to any injection in the vicinity of the well is presented in Figure 12 . The 153 effect of considering only the fluid pressure in the calculation of the factor of safety for 2.2 MPa 154 injection overpressure is presented in Figure 13 . The thermal impact of the injection of scCO2 after 155 30 years is presented in Figure 14 , and the case where both the fluid pressure and the thermal stress 156 is considered is presented in Figure 15 . 157
To understand the impact of including the thermal stress, the change in the factor of safety from the 158 fluid only case to the fluid and thermal case is presented in Figure 16 . The change in the factor of 159 safety can be directly related to the change in the horizontal stress field ( Figure 17 ). As the Reservoir 160 contracts due to the thermal stress, the horizontal stress component is carried by stress-bridging 161 through the stiffer layers of the Chalk Group and the Underburden. The factor of safety of the Chalk 162
Group acting as the secondary seal increases slightly as a result of this effect. The Primary Seal, 163 because it is not so stiff accommodated the change in stress through more strain. Additionally the 164 stress field itself is rotated, Figure 18 . 165 The overprint of the thermal stress changes and the fluid stress changes on the regional stress leads 210 to a slight enhancement of the stability of the secondary seal. The reason for this is illustrated in 211 Figure 17 . As the area around the injection well within the reservoir cools, so the reservoir contracts 212 and carries less of the regional horizontal stress meaning that the stronger overlying and underlying 213 strata carry more stress. These results are specific to this sequence of strata and the contrast in 214 mechanical and hydraulic parameters of the modelled layers. 215 216 Fjaer et al. 2008 showed that for a rigidly constrained plate in the horizontal plane that the longer 217 term change in horizontal stress due to thermal stress changes around the borehole is given by the 218 analytical expression 219
This is an analytical model assuming fully ridged boundary conditions allowing. In this unrealistic 221 case it would suggest a value of up to 9 MPa change in horizontal stress for the reservoir strata and 222 circa 5 MPa for the primary seal for a 60 C drop in temperature. In reality the strata is not restrained 223 horizontally or vertically, so the strain from the thermal stress is accommodated over a large area. 224
The numerical model suggests that the maximum change in horizontal stress due to the thermal 225 stress is of the order of 0. conditions. Under static equilibrium conditions of stress, the vertical stress can be shown to be 264 directly related to the horizontal stress in the strata, assuming no further tectonic stresses, where v 265 is Poisson's ratio: 266
267
When the fluid pressure in the reservoir is increased both the vertical stress and the horizontal 268 stress is affected. Hillis (2001) and Kim and Hosseini (2014) show that the change in horizontal stress 269 as a result of fluid injection into a reservoir can be evaluated to 270 The relationship between the dynamic stress conditions and static stress conditions is therefore 279 consistent throughout the storage complex, allowing a consistent relationship to be developed 280 between the dynamic stress conditions and the static stress conditions. 281 
292
The Tier 4 THM modelling is used to predict the maximum overpressure the reservoir can sustain. 293
These predications are then compared to the Tier 3 empirical predictions. Table 7 present the fluid  294 pressure results and safety factors from the 3D and 2D models at sites A and B. The 3D model 295 provided the predicted overpressure in the reservoir as a function of the expected injection rates in 296 the storage asset (5.8 MPa, 6.0 MPa). These overpressures were then simulated with slight safety 297 margin in the 2D sections (6.3 MPa, 6.6 MPa). The ratio of horizontal stress to fluid pressure and the 298 minimum factors of safety to shear failure were then determined in the profile. In some cases the 299 worst case values were clearly impacted by the local geometry of the layers and a small distance 300 from the injection wells. It can be seen that at 6.6 MPa site B is just entering tensile failure. At 6.3 301 MPa site A is safe. In order to compare the predicted maximum possible overpressure with the Tier 3 302 empirical predictions it is necessary to find the overpressure at which the site A would start to fail, 303 this is expressed under the row "Site A limit" in Table 7 304 is now exported as a simple look up function which can be used to estimate the maximum 318 overpressure possible within the storage strata under dynamic stress conditions for the primary 319 seals, the secondary seal and the faults. The pressures predicted for key strata locations at Site A and 320
Site B are presented in Table 9 , and illustrated for the whole profile in Figure 6 . Also on this figure is 321 a commonly used simplified estimate of the maximum possible fluid overpressure presented as 1.3 x 322 hydrostatic pressure. Whilst the hydrostatic approach provides a reasonable estimate down to about 323 1800 metres, below this it underestimates the amount of possible overpressure. 324 In this case the thermal stress has been shown not to have a significant impact on the safety, and it 328 is accommodated in the factor 0.6. However where there is a significant impact this factor can be 329 revised in the vicinity of the boreholes. Where faulting is known to extend to the reservoir than the 330 secondary seal and faulting values should be applied. 331
Discussion of the application of the four tier approach and application to other 332 storage complexes.
333
The key simplification and advantage of this methodology is to be able to express all the complex 334 geomechanical calculations including expected heterogeneity and stress superposition as an 335 empirical multivariate expression which acts as a look up function for determining the overpressure 336 a strata can withstand. This enables easy application by other users. 337
The application of the geomechanical facies concept for Tier (1) The empirical fitting of the analytical function is a further source of uncertainty. Empirical functions 360 will tend to provide better fits in some areas of the data set than in other areas. Care needs to be 361 taken that the depths represented within the storage complex are fitted adequately. 362
During the dynamic modelling, the larger scale heterogeneities can be taken into account, however 363 although the grid scale can be of the order of 10 m or less, the data is provided typically with a 364 horizontal accuracy at the best of 250 m and a vertical accuracy of the order of 1 m in the boreholes. 365
Statistical interpretation can be used to "fill in the gaps", however they remain approximations of 366 the system, and the results cannot be considered as a unique solution. This suggests caution in over 367 stating the accuracy of the modelling results, and introduces realism into the accuracy of possible 368 numerical simulations. In addition the parametrization of such large multi process models relies on 369 laboratory, field and at time literature values, all of which carry differing degrees of uncertainty. 370
Taking into account the possible inaccuracies within the modelling approach, the predictions of the 371 combinations of the modelling approaches (Tier 3 with a dynamic stress correction vs THM 372 numerical model) are shown to be remarkably similar for two different sites, with different 373 geometry and operational conditions. Therefore this methodology enabling the application of an 374 empirical function based on an analytical evaluation of the static stress profile and a correction to 375 account for the dynamic stress conditions and heterogeneity can be seen to provide a reasonable 376 estimate of the geomechanical stability of the storage strata. 377
Further work could include the simulation of several further sections in the storage complex 378 depending on the data available, in an attempt to improve the validity of the of the approach for 379 deeper and shallower systems. 380 381
Summary of key modelling results
382
The following points provide a summary of the key findings of the modelling work 383  The underburden contributes to the amount of pore space available to dissipate the increased pressure 
392
 Redistribution of regional stress due to overprint of thermal stress may in some situations increase the 393 stability of the storage complex.
394
 As deeper reservoirs can maintain higher overpressures than shallow reservoirs, care needs to be taken 395 in designing a multi-user store that the overall pressure signal does not compromise the safety of 396 shallower areas of the reservoir due to pressure migration from the from deeper areas of the formation.
397
 The results of the analytical static stress modelling approach and the numerical dynamic stress 398 modelling approach presented using an empirical function providing regional coverage of the storage 399 asset and including implicitly all the complexity of the numerical heterogeneous calculations.
400
Conclusions
401
There will be an increased drive for the creation of large shared regional multi-user CO2 storage 402 assets in the near future as a technology to reduce CO2 emissions to the atmosphere. Screening of 403 complex stratigraphic stores will be necessary to predict and assess the integrity of existing and 404 planned storage operations. One of the key factors which determine the integrity of a multi-user 405 store is its geomechanical stability. The cumulative result of multiple CO2 injection sites is that fluid 406 pressure from different locations will be superimposed on one another. 407
Using a geomechanical facies approach, this paper has shown how analytical geomechanical models, 408 empirical assumptions and numerical models can be combined to provide a simple but powerful tool 409 for the prediction of the maximum overpressure possible in various strata, within fault systems and 410 with a thermal stress overprint. 411
In addition the numerical modelling of the Captain Sandstone Fairway has highlighted the 412 importance of including the Underburden in the fluid pressure calculations, both in terms of the 413 nature of the basal boundary to flow, in providing access to additional pore space for storage, and as 414 a major control in the regional pressure connectivity between injection sites. 415
The change in the stress field as a result of superposition of pore pressure within the reservoir and 416 the thermal stress is dependent on the heterogeneity of the strata present. The distribution of fluid 417 flow is dominated by the heterogeneity in permeability of different layers, which can easily be 418 several orders of magnitude in difference. The mechanical parameters exhibit one or two orders of 419 magnitude difference, where as the thermal parameters are all of the same magnitude. The thermal 420 plume after injection for circa 30 years does not extend significantly beyond 500 metres from the 421 injecting well, where as the fluid pressure field extends over several tens of kilometres. The nature 422 of the strata overlying the injection point and underlying the injection well determines the response 423 of the system to the combination of thermal stress and fluid pressure. Stress bridging can, in some 424 cases, lead to enhanced stability in sealing rock layers as this redistributes the horizontal stress. 425
In a regionally extensive reservoir, as deeper parts of the reservoir can maintain higher overpressure 426 values than shallower parts, care needs to be taken to design and manage a multi-user store so that 427 the overall pressure signal does not compromise the integrity of a shallower store due to pressure 428 migration from the from deeper strata. This leads to an interesting challenge to manage and 429 optimise the time dependent pressure footprint of different injection sites. 430
The results of the analytical static stress modelling approach and the numerical dynamic stress 431 modelling approach presented using an empirical function providing regional coverage of the 432 storage asset and included implicitly all the complexity of the numerical heterogeneous calculations. 
